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• PRELIMINARY EVALUATION OF A TOHBINE/ROTABY COBBOSTION 
COMPOUND ENGINE FOR A SUBSONIC TRANSPORT 

by Kestutis c. civinskas and Gerald A. Krajt 

Lewis Research Center and 
U.S. Army Air Mobility R&D Laboratory 


SO MM A BY 

V- 

A study ifas made of a compound engine for possible use 
in subsonic commercial transports. The engine was derived 
from a conventional turbofan by replacing the conbustor with 
lo a rotary combustion (RC) engine* The RC engine provided 

S shaft power as well as exhaust gases that conld be further 

I expanded through a power turbine. The coapression ratio and 

boost pressure were varied parametrically in an attempt to 
maximize the overall cycle’s performance. Pour boost 
pressure ratios (1.75, 4, ID and 20) and three compression 
ratios (5, 7, and 10) were examined. The highest overall 
cycle pressure ratio considered (before combustion) was 240, 

The FC engine’s performance was estimated using a throttled 
Otto-cycle with an equivalence ratio of 1.0. The Otto-cycle 
assumed octane fuel which has about a 4X higher heating 
value than the JP used iu the reference turbofan. Cooling of 
the RC engine was achioved by heat exchanging to the fan 
duct flow. Two levels of otto-cycle input energy lost to 
cooling were considered . A 25% loss case was run as being 
indicative of Otto-cycle experience to date. A 10% loss 
case was run as being representative of advanced 
insulation/high-temperat. ure materials technology that would 
reduce the heat loss from the otto-cycle. The same level of 
turbine cooling technology was assumed for the compound 
engine as for the reference turbofan. The effects of 
manifold ducting losses and of unsteady flow on turbine 
etficiency were initially not included, but the sensitivity 
of the results to these effects was examined in later 
perturbations. The effective backpressure on the Otto-cycle 
being unknown, the simple approach was taken of varying it 
parametrically. This had the effect of varying work split 
between the rotary and turbine parts of the engine. In 
short, a simple, somewhat optimistic approach was taken in 
calculating compound engine performance on the assumption 
that it should show improvement under these conditions 
before any more detailed evaluation is attempted. 

The compound engines were compared to an advanced high 
pressure ratio turbofan in terms of fuel plus engine weight. 

For the comparison, cruise conditions of 10668 a (350ro ft) 
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and Hach 0« 80 were chosen. The advanced turbo fau weight was 
estinated component by component and suitablr adjustments 
were then made to account for the substitution of an RC 
engine in place of a combustor. The engines were sized and 
coBpared at the cruise condition only# and no attempt was 
■ade to estimate off-design or takeoff performance. The 
effects of added complexity on cost and maintainability were 
not examined and the comparison was solely in terms of 
cruise performance and uninstalled engine weight. 

The cycles with lower fuel consumption generally turned 
out to be heavier than the reference turbofan. The weight 
of the rotary engine and manifolding was not entirely offset 
by the elimination of booster stages, combustor, and, in 
some cases, turbine stages. There was some SPC improvement 
in going to the higher pressure ratios by compounding, but 
the size of the gain was also highly dependent upon the 
amount of input energy assumed lost by the otto-cycle due to 
cooling. Assuming a 25S Otto-cycle cooling loss 
(representative of current otto-cycle engines) , a compound 
engine with a boost PR of 10 and a compression ratio of 10 
gave a 5.1?t improvement in cruise TSFC over the reference 
torbofan. as the fuel used in the compound engine had a h% 
higher heating value, however, only a ^* 2 % improvement can 
be attributed to compounding. As far as weight is 
concerned, the compound engine was 23% heavier than the 
reference turbofan. For a 10^ Otto-cycle cooling loss 
(representing advanced insulation/high- temperature materials 
technology) , the same compound cycle as before showed an 
11.8% improvement in cruise TSFC over the reference 
turbofan. Again adjusting for the different fuel heating 
value, however, reduces this to an 8.1% improvement. 


INTRODUCTIO H 


The recent awaroru*!;s of increasingly scattn; and cosily 
fuel supplies led to the formaitou in early Id?*? of ,i 
NASA-sponsored, joint govociunent agency t.irj; force to define 
the technologic.il oppoctimities tor tiiel cimserv.jtioii in air 
transport. A summary of the tank force’s tindiiigr. and the 

recommended techno lof|Y plan can he toiiml in rc'feretice 1, 

Dasically, the plan includes npecitic technolo<jy develiipuien t 
efforts in the areas of propuliiton, aerodyn<imi<::r;, and 
structuios, directed at achieving Imf h near- and tar- term 
fuel savings. 

NASA’s Lewii. hoseacch Center Is einjiged in nev**ral of 
the propulsion areas. one is an advanced high pressurr* 

ratio turbofan which would see service about IhOO. The 
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pecforaance iaprovenents in this engine ace due aainly to 
higher cycle pressures and teapecatures which would pose 

soae tough coaponent developaent probleas even for this 
otherwise rather conventional concept. llternativef 
less- convent Iona 1 approaches have also been ezaained. These 
include the turboprop described in reference 2 and the 
regenerative tucbofan of reference 3. 

Another unconventional approach exaained in this report 
is one that combines the high coapcession ratio of a 
displacenent machine with the high expansion ratio of a 

turbine. This is the compound cycle - or a gas turbine plus 
a positive displacement engine combination where both 
engines produce useable shaft power. The best example of 
this type of engine is the Napier Nomad described in 
reference 4. The Noaad's brake SFC was excellent coapared to 
the relatively low pressure ratio turbomacbines of its day. 
It flew over 20 years ago, but apparently was overtaken by 
the higher speed that jets offered plus the availability of 
cheap fuel at the tine. The Noaad consisted of a 
12-cylinder, 2-stroke Diesel plus a turbine/con pressor set 
driven off the Diesel's exhaust. This engine achieved an 
overall compression ratio* of 36. The two parts of this 

engine were interconnected through a variable gear that 

allowed the two shaft speeds to be optimally natched over 
the flight regime. The Noaad engine's volume was about 2/3 
reciprocating Diesel and 1/3 turbonachine, which gave it a 
specific weight of about 0.6 kg/kU <1 Ib/HP). 

The objective of this study was to reevaluate the 
concept of compounding in light of more improved technology. 
Nhere uncertainty arose in assuming losses, efficiencies, 
and the like, optimistic assumptions were made. 

Numerous technology advances could be applied if the 
compound engine concept were executed today, so the 

configuration examined here is obviously quite different 
from that of the Nomad. Instead of a reciprocating engine, a 
rotary combustion engine was chosen for its lower weight and 
voluae. The RC engine would essentially replace the 

conventional combustor in a turbofan or turboshaft engine. 
The positive displacement machine would now be the smaller 
part of the entire engine in contrast to the Nomad 
situation. Also, the Nomad's turbime was restricted to 
fairly low inlet temperatures and, as a result, the exhaust 


*8ote: The terms pressure ratio and compression ratio can be 
easily misinterpreted . Compression ratio, which is the 

ratio of volumes, is . related to pressure ratio by the 
expression p^ /Pj^-(v^/v, )* . 
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gases had to be diluted with large quantities of scavenge 
ait to bring turbine inlet teaperature down. Present-day 
turbines could reduce or eliuinate entirely the need for 
this and allow for wore work extraction froa the turbine. 
Other anticipated inproweaents would be in the axial-flow 
coaponents where efficiencies have increased and where 
higher stage pressure ratios could reduce the total nuaber 
of stages. 
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SYHBOLS 

rotor geoaetry areas, a"^ 
swept area, a^ 
rotor depth, a 

brake specific fuel cohsuaption, kg/kH-hr 
velocity coefficient 

specific heat at constant pressure, J/kg-*K 
eccentricity 

total internal energy, J 
net thrust, n 
clearance fraction 
fiiel/air ratio 
aass flow, kg/sec 
nuaber of stages 
total pressure, N/a‘ 
pressure ratio 
generating radius, a 
coapression ratio 
cruise range, ka 
total teaperature, 
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thrust specific fuel consumption, kq/N*'hr 

volume, m* 

swept volume, m^ 

cruise speed, ks/hr 

work, J 

weight, N 

specific work, J/kg 

ratio of total turbine cooling bleed to 
turbine inlet flow 

ratio of sta -.or cooling bleed to turbine 
inlet flow 

ratio of specific heats 
''change in“ 
adiabatic efficiency 
density, kg/«* 

maximum allowable stress, N/m^ 
leaning angle, radians 
Subscripts 
accessories 
actual 

bottom dead center 

backpressure 

compressor 

corrected 

cruise fuel 

exhaust 

ideal 
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ANALYSIS 
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Hission 

The figure of uerit was uninstalled engine weight plus 
cruise fuel weight. cruise fuel weight was calculated 
siaply frou 

WTg^^ = 9.807(TSFC) F„S/V. 

Plight conditions were selected as Mach C.80 at 10668 a 
(35000 ft). The range was varied to observe the break-even 
point for those cases where increased engine weight would he 
offset by iaproving TSPC . 


Reference Turbofan 

Configuration .- The engine used for reference in 
conparing coapound cycle performance is the advanced, 
high-pressure ratio turbofan study engine of refv."*ence 5, 
This is a two- spool engine with a single-stage fan, 3 
booster stages, and a 10-stage compressor. The cooled high 
and low pressure turbines have two and five stages, 
respectively. 

Cycle ,- At the cruise conditions of this study, the 
reference turbofan engine had a fan pressure ratio of 1,75, 
overall pressure ratio of 45, and a bypass ratio of 7.78. 

5iye and performance .- The sea level static thrust of 
this engine was 111000 M (25000 lb). The installed thrust at 
the selected cruise conditions was 29000 M (6530 lb) . For 
convenience, this is the thrust that all of the study 
engines were then sized for. Thrust specific fuel 

consumption of the reference engine was 0.029 kg/N-hr 
(0.284 hr”') at sea level and 0.0553 kg/M-hr (0.542 ht"M at 
cruise. 


Coapound Engine 

Configuration .- The sketch in figure 1 shows 
conceptually the coapound engine configuration being 
considered. Essentially, it is the reference turbofan with 
the conventional coabustor replaced by an RC engine. 

Instead of, two spools with individual shafts, the 

coapressor, RC engine, and turbine are all on a single 
shaft. The RC rotors orbit directly about the aain engine 
shaft. The fan would be geared down. A typical high-spool 
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rotational spe<»d of 1260 rad/sec (12000 rpm) was selected 
for the oain shaft speed. Since part of the conpression work 
is done in the RC engine, the boost PR into that engine need 

not he as great and this will allow the booster stages and 

several cospressor stages to be eliminated, as will be seen 
later* Also, there being only one high~speed shaft allows 
the turbine to be combined into one unit, often of fewer 
stages, depending upon the cycle. The turbine was assumed 
cooled by a convection ♦film cooling scheme with bleed air 
from the compressor discharge. Blade metal temperatures for 
1990 technology were assumed. This level of turbine cooling 
technology is comparable with that ot the reference 

turbofan. The only exception is that the compound engine 
would reguire the addition of an auxiliary bleed air 

compressor to boost the cooling air up to the BC engine 
discharge pressure. The compound engine also requires the 
addition of intake and exhaust manifolds. These would be 
scroll-type devices to take annular, axial flow and 
gradually feed it to inlet and outlet side ports on the BC 
engine. Since the RC engine is a cyclic output device, the 
intake and exhaust manifolds would also have to be designed 
to act as settling chambers to damp out flow fluctuations 
into the turbine and compressor. The fan and duct on the 
compound engine were assumed to be the sam^! as on the 
reference turbofan as far as pressure ratio and duct losses 
were concerned. The bypass ratio, however, was varied to 
match the available work per unit nass of core flow. 

Cj^cle.- The compound cycles chosen to be examined had 
boost pressure ratios of 1,75, 4, and 10. The 1.75 boost 
represents the case for which there is no compressor but 
only a fan. For each of the above boost PBs, RC engine 
compression ratios of 5 , 7, and 10 were considered. The 
highest value of compression ratio here is about the present 
limit for apex seal technology. One higher boost pressure 
ratio of 20 was examined together with a compression ratio 
of 7. The overall range of boost and compression ratios 
resulted in peak cycle pressure ratios of from 15 to 240, 
before combustion. Some adiabatic component efficiencies and 
loss coefficients w*ere as follows: 

inlet recovery 1.00 

Fan efficiency 0.87 

Cempressor efficiency Oi 87 
core nozzle 1.00 

D net nozzle 0.991 

The fan and duct parameters on the compound engine were 
taken to be the same as on the reference turbofan. Pressure 
losses in the intake and exhaust manifolds were initially 
assumed zero. The sensitivity of the results for one cycle 
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vas deteriined for the two cases vhen the intake and exhaust 
•anifold pressure drops were each 5%, The lechanical 
efficiency of the coapound engine gearbox was taken to be 

1 . 0 . 


Sixe and oerf oraanc e.- Since the study was to compare 
engines for fuel * engine weight at the one cruise 
condition, all the engines were sized to the cruise data 
available on the reference turbofan ~ 29000 M (6S30 lb) 

thrust at Hach 0«B and 10668 a (35000 ft). Off>design or 
sea- level performance was not attempted in this preliminary 
analysis where the goal was merely to see if the concept 
justified further consideration* It is known from 
experience though that a turbomachine has a greater lapse 
rate as far as shaft power with altitude is concerned than a 
turbocharged reciprocating engine. For the compound engine, 
this night imply a sizing condition other than cruise. The 
comparisons between coapound and turbofan engines were 
generally done in terns of thrust parameters, but where it 
was equivalent or more convenient, it was done in terms of 
shaft power. 

BC Engine .- Even a cursory look at the field of rotary 
engines will reveal that there are a great number of 
possible configurations for these machines. The EC engine 
chosen for this study is a 2:3 epitrochoidal configuration. 
That is, the bore is an epi trochoid with two lobes and the 
rotor has three flanks. This is the familiar configuration 
used in some production automotive engines. In order to 
discuss weight and size calculations later, it is necessary 
to briefly present some fundamentals of rotary engine 
geometry from reference 6. 

The outer case is an epi trochoid which is generated by 
rolling one circle around a base circle of twice the radius 
as shown in figure 2. The epitrochoid is the locus of point 
P on the radius of the rolling circle. The actual bore is 
often moved out an equidistant amount to generate a trochoid 
that is parallel to the true epitrochoidal shape. This is 
done to lessen the radial motion of the apex seals as they 
move over the lobes of the bore. In practice, the 
displacement is much smaller than R, and for the purposes of 
estimating compression ratio and size, it will be assumed 
negligible, looking at the epitrochoidal bore with rotor in 
figure 3, R and e are noted. The generating radius R becomes 
the dimension of the rotor from its center to the apex and 
the eccentricity e defines the orbiting path of the rotor 
center. Bitb this configuration, the output shaft rotates 
at three times the rate of the rotor. The leaning angle 
defines the maximum angle contained within the radial lines 
from the center of the rotor through each apex and the 
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noraal to the epitrochoidal bore at the point of contact, h 
simple relationship exists between the radius It, the 
eccentricity, and the leaning angle, nanely. 


sin<^ «3e/R. 

The relationship is plotted in figure h and it will be noted 
that ^ cannot exceed lT/2 rad (90** } and B/e nay not be less 
than 3. 

For the Ideal case where there are no depressions in 
the rotor flank or in the bore, the aaxinun theoretical 
compression ratio is given by 

= HJi. /VfJc = 


or. 


Fron figure 5, 
and 


= Ay., /A+j^. (1) 

though, it can be seen that 


A ^ A “ A . 

Purtheraore, for this particular configuration, 
A * (S^ ♦ 3 e ‘ ) T/3 - '^3 B -3 >f3e R/2 

A^* (B^ +3 e*)TT/3-v(3R^/4 *3^68/2 

and 


where A^^ is given by 

Ajj=(ir(R*+2e*)-6eBcos</> “(2BV3+12e^) <^)/3 . 

Substituting these relations into equation (1) enables the 
ideal conpression ratio to be finally written solely in 
terns of R/e as: 


ir/3+3 y/?(B/e) /2+2 /{B/e)^ -9» {2 (B/e)^ /9+4) sin*‘(3/ (R/e) ) 

r^ = y., (2) 

^ ir/3-3^(R/e) -9* (2 (R/e)' /9+4)sin'‘ (3/ (R/e)) 

In a real engine though, to allow for a better combustion 
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chamber, for scavenging, and to allow for ignition devices, 
there are depressions in the rotor flanks and bore, it is 
possible for the volume of the depressions alone to be egual 
to the entire ideal volume at top dead center* Obviously, 
the depressions lower the compression ratio. Following the 
suggestion in reference 6 regarding the approximate volume 
of depressions for typical Otto and Diesel BC engine 
applicmtions''^, the actual compression ratios were assumed to 
be: 


That is, for the typical Otto-cycle, the depression volume 
is just equal to the top dead center chamber volume when 
there are no depressions. For the Diesel, the depression 
volume is one-half the ideal top dead center volume. Making 
the same substitutions as before, it is possible to reduce 
these equations down to functions only of R/e : 

(®/®) 

The parameter R/e, then, is an important geometry parameter 
for the RC engine and is needed for estimating displacement 
volume and weight. Equations (2), (3), and (4) are plotted 
in figure 6 and they enable the R/e parameter for a typical 
Otto or Diesel BC engine to be approximated for any desired 
compression ratio. 


Cycle Calculations 

Reference turbofan .- Estimates of the reference 
turbofan's performance were obtained from reference 5 and no 
additional calculations were required. 

Compound e ngine .- Given an ideal inlet with total 
pressure recovery of 1.0, the conditions T, , P, at the fan 
face (fig.1) are determined simply by the cruisi condition. 
The conditions at the compressor exit are given by: 


♦Mote: To avoid confusion, it will be noted here that otto 
and Diesel refer to thermodynamic cycles, whereas the terms 
reciprocating and rotary only describe the motion of 
mechanical parts. It is entirely possible, therefore, to 
speak of both Diesel and otto BC engines. 
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1 ,- 1 , 

P4 = », IPS,.I • 

kt the coapressor discharge » the core flow would be 
split to provide soae cooling bleed for the turbine. The 
coolant flows were assigned as indicated in figure 1. The 
ratio of first vane coolant flow to the flow leaving the RC 
engine is 0,. The ratio of total coolant flow to BC engine 
exit flow is ^ . Because the turbine inlet pressure is 
greater than the coapressor discharge pressure for this 
engine, a saall auxiliary coapressor is needed to boost the 
cooling bleed air. The required PB for this auxiliary 
coapressor is deterained by the boost PR and the Otto-cycle 
backpressure. Efficiency was taken to be the sane as that of 
the main compressor. Assuaing convectiontfiln cooling and 
using 1990 blade aetal teaperatures, the coolant flow for 
each vane and rotor was estiaated using the method outlined 
in reference 7. The first vane's coolant was added into the 
flow before the first rotor, and the turbine rotor inlet 
teaperature was adjusted to take this into account. For 
purposes of calculating performance, all the remaining 
bleeds were added back to the main flow downstream of the 
turbine. 

Although the total pressure loss in the intake manifold 
to the RC engine Vds initially assumed zero, one case was 
run where 

p, = p,(i-(<jp/pi(j,) 


and 



The above are, then, the flow conditions entering the 
BC engine, in a positive displacement machine, however, a 
part of the exhaust gases, the clearance fraction, f, 
remains in the chamber and mixes with the fresh charge of 
each succeeding cycle. Asa result, the initial condition of 
the mixture before compression is not known, and it must be 
solved for iteratively. Initial values for temperature and 
clearance fraction are chosen and the procedure followed as 
outlined in reference 8. The actual solution was done using 
an Otto'-cycle computer code that calculated the 
thermodynamic properties of the working fluid by the 
chemical kinetics program described in reference 9 which 
includes dissociation. The fuel was taken to be octane 
with a heating value of 44.7 Hj/kg (19260 Btu/lby . 

O 19 
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It should be noted that this is 4% higher than the heating 
value of the JP fuel used in the reference turbofan. hfter 
running a few cases, it became apparent that for the 
pressure ratios of interest, auto>ignition would nost likely 
occur long before top dead center even for fuel such as 
octane which has a relatively high ignition teaperature, 
the actual conpound engine would therefore most likely be a 
cospression''ignition device with only air undergoing 
conpression and fuel being injected directly. klthough 
Diesels have cose to be regarded as sore efficient than Otto 
engines, for the same compression ratio and energy input, 
the Otto-cycle is inherently sore efficient than the 
Diesel-*cycle, the former simply being restricted from going 
to sttch high pressures as the latter because of 
auto-ignition. This is because the Otto-cycle*s entire heat 
addition takes place at constant volume compared to the 
Diesel's combination of constant pressure/constant volume 
heat addition. As a result, the Otto-cycle achieves higher 
peak temperatures and pressures. Using an otto-cycle, then, 
to estimate performance of what most likely would be a 
Diesel, gives Some advantage to the compound engine. An 
equivalence ratio of 1.0 was used in the analysis, the 
greatest effect of this parameter being to vary the specific 
output (work/unit mass of air) and change the required 
displacement accordingly. One cycle was run with an 
equivalence ratio of 0.5, to check the sensitivity of the 
estimated performance to this tariable. Limiting 
considerations for the actual value used are the limits of 
flammability of the mixture and the onset of smoky exhaust. 

Referring to the p-v diagram in figure 7(a) for a 
throttled Otto-cycle, step a-b represents adiabatic 
compression in the fic engine. Step b-c is constant volume 
combustion that assumes instantaneous burning and does not 
account for heat transfer out of the chamber. Step c-d is 
adiabatic expansion as the rotor moves away from top dead 
center. When the volume has reached its maximum (7el=V,M«J 
further expansion can take place in the chamber and exhaust 
begins. As the exhaust ports open, pressure in the chamber 
will drop to the exhaust backpressure (the level of line 
f-e-d'). Step d-e is irreversible, but if all the losses are 
assumed to occur at the exhaust port, then the gas remaining 
in the chamber can be assumed to have undergone reversible 
adiabatic expansion, doing work on the gas expelled from the 
chamber, conditions at point e, then, are the same as if 
the gas continued expanding adiabatically along the line 
d-d*, down to the exhaust backpressure level but with a 
final volume of only . Step e-f is that part of exha ust 
that occurs at constant pressure, by displacement of the 
rotor while exhaust ports are open. Hhen ainiaum volume is 
reached at top dead center (point f) , the exhaust ports are 
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closed t and since the pcessuce of the gas reaaining in the 
chanber is greater than intake pressure, the intake ports 
are not opened until the chanber voluue has expanded 
adlabatically down to point £ *. Step f*-a is then just 
drawing in fresh charge at constant boost pressure. 


Still referring to figure 7(a), the indicated, or ideal 
net work done on the rotor by the working fluid in one 
cycle, is given by 

The last tera in this equation is called the punping work. 
In the throttled Otto^cycle, it is a net loss. 

To take into account the energy lost to cooling, 
friction, radiation, etc., all these losses were lumped 
together as a percentage of the total input energy into the 
Otto-cycle. A steady- state energy balance was then done on a 
control volume containing just the BC engine and considering 
the enecgy in by bulk flow, the addition of the fuel, the 
heat loss out, the shaft power out, and the energy out by 
bulk flow. This calculation allowed the average total 
temperature leaving the RC engine to be estimated for the 
two levels of Otto-cycle heat loss considered in this study- 
259 and 10%, The former value represents experience to date 
with engines of this sort, and the latter represents what 
might be expected if cooling losses could be significantly 
reduced for the Otto-cycle by advanced 
insulation/high-temperature materials technology. The heat 
lost from the otto-cycle due to cooling was partially 
recovered in the overall cycle by heat exchanging with the 
duct air as indicated in figure 1. Practically, the RC 
engine rotor would be oil-cooled and the case would have 
cooling fins that protrude directly into the duct stream. 

The effective backpressure that the RC engine would 
exhaust to was not known. The backpressure that could 
actually be expected would depend upon the losses across the 
exhaust ports, the design of the exhaust manifold, how many 
chambers were exhausting at any instant, etc. It was 
decided, therefore, to simply allow the backpressure to vary 
as an independent parameter. Referring to figure 7(a), the 
backpressure could vary between the boost pressure and the 
ideal maximum chamber pressure after expansion and before 
valve opening, For each cycle, values of backpressure 
were run between the limits 
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h6 the ratio goes to 1/ the upper llait is approached 

for turhine inlet pressure. 

Just as in the intake sanifold, the total pressure loss 
in the exhaust uanifold was initially assuued zero, so that 



The sensitivity of the results to an exhaust uanifold 
pressure loss was exaained for one case where 

P4 -hf 

and' 

With total tenperature and pressure into the turbine 
known, the turbine perforuance was calculated using the code 
described in reference 10. kll the turbines were allowed to 
expand down to a static pressure of 3.45 N/cn^ <5 psi) . With 
an asbient pressure of 2.39 N/cu^ (3.47 psi) at the cruise 
condition, enough energy reuains in the core flow to 
generate sose core thrust. For each cycle, a sufficient 
nuuber of stages were selected to give turbine efficiencies 
roughly between 0.88 and 0.89. The turbine specific work 
was finally calculated by the equation 

(1- (Pfe/Pj)*? ) (1+^^) (1*f/a)/(U f (Uf/a)) . 

Possible losses in turbine efficiency due to unsteady flow 
froa the RC engine were not initially considered. & 
perturbation on this was done, however, in one case where 
the turbine efficiency was degraded by 5%. The size of the 
real penalty is unknown, and the 5% only represents a guess. 

For the duct, a value of thrust per unit aass of duct 
flow derived froa the reference turbofan data was used for 
the coapound engine case. Fan pressure ratio, efficiency, 
and nozzle velocity coefficient are therefore the sane for 
both engines. An additional 2% duct pressure drop was 
included in the coapound engine to account for the RC engine 
cooling fins. 

This, of course, is a highly siaplified analysis of the 
actual cycle. A acre realistic p**^v diagraa would look like 
the one shown in figure 7(b) . A finite rate of heat release 
during coabustion; heat conduction to and froa the working 
fluid and the chaaber walls over the entice cycle; and 
nixing, intake, and exhaust losses all conbine to nodify the 
real p-*v diagran considerably. Also, to siaulate Diesels, a 
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pcessure-liaited diagraa (figure 7(c)) is often used. It 
serves to siiulate the longer duration^ constant pressure 
coabustion caused by the need to Unit peak cylinder 
stresses in high cospression ratio Diesels by delayed 
addition of fuel. Several cases vere calculated by hand 
using this type of diagram, but for the sane coapression, 
fuel/air ratio, and typical Halting peak pressures, the 
results did not differ substantially fros those calculated 
with an Otto>cycle. 


Engine Height 

Reference t urbofan . ~ The total weight of the reference 
turbofan was given in reference 5 as 1787 kg (3940 lb). This 
does not include thrust reverser, tailpipe, or noise 
suppression. A component by component weight breakdown was 
generated for the reference turbofan using the equations of 
reference 11. This percentage breakdown was used to estimate 
the component weights for the reference engine. 

Compound engine .- For the compound engine weight, 
appropriate adjustments had to be made to the reference 
turbofan weights to reflect the major differences. 


Turbomachinery weights were recalculated using the 
reference 11 correlations. The fan, for instance, could be 
scaled as 


»T, oc (m 
ton 




i.as 


The coapressor weight was scaled by using 


__ , 


eorr' 



The intake and exhaust manifolds were assumed to consist of 
an annular scroll that eventually must feed into intake and 
exhaust tubes for the RC engine. if they are treated as 
cylindrical pressure vessels, and simple hoop stress is 
combined with continuity, the result for weight 

For the constant rotational shaft speed assumed here, the 
turbine weight correlation becomes 

HT^e< * 

To be consistent with the reference turbofan configuration, 
a short fan duct, downstream from the fan stator exit plane 
was included. It was scaled according to: 
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Accessories weight was assused to be dependant prinarily on 
fuel flow according to reference 11, so that 

»r^e< (1>K(TSFC)) . 

The proportionality constants used to actually evaluate the 
above quantities were the values of the corresponding 
quantities in the reference turbofan. one exception was 
that for the intake and exhaust Manifolds, twice the 
reference engine* s conbustor weight was used to account for 
the More conplicated flow path than in an ordinary 

conbustor* Added to this was the weight of the auxiliary 
cooling bleed conpressor. Its weight was taken to be 
proportional to the power that it required and was roughly 
based on available snail turboshaft data. 

The RC engine's weight was estinated fron the cycle 
calculation of specific work. Since the conditions into the 
RC engine are known, specific work can be converted into 
work per unit volnne of air. Given the 1260 rad/sec 

(12000 rpn) shaft speed and that the rotor, therefore, 
rotates at 420 rad/sec (4000 rpn) allows the swept volune 
per chanber to be deternined. And since 

swept volune becones 

Vj =3j?eRB. 

Using a typical value of 2/3 for the ratio of B/R, R can be 
solved for: 



The log^log plct of this equation is shown in figure 8. 
Knowing the characteristic R/e for any coapresslon ratio and 
the required swept yolune per chanber, allows the generating 
radius R of the RC engine to be deternined. Given the 
characteristic R for the engine, the weight can be roughly 
estinated in three parts case, cooling fins, and rotors. 
The case was nodeled as a cylinder whose . wall thickness was 
deternined fron the peak cylinder pressure hoop stress. The 
final equation for the case weight was 


18 


«T 




Taloes of 138 HM/a^ (20000 Ib/ln^) and 7830 kg/w^ 
(0*286 Ib/ln*) were used for 0" and jp , respectively. Note 
thnt the value used for C * , the aaxlaua allovable stress, 
assoaes a large safety factor for cyclic stressing, 
concentrations, non-unlforaity, etc* The weight of cooling 
fins was taken as 1/2 of the case weight. Bo tor weight was 
deterained froa the rotor voluae and aaterial density, 
allowing SOX off for the center hole, cooling passages, and 
flank depressions* 


Structures weight, which includes aounts, bearings, 
fraaes, shafting, and transition sections, was taken as 

where includes all but the fan duct and 

accessories weights, 

A gearbox weight was included using the equation found 
in reference 12* 


BESOLTS AND DISCUSSION 


Coapound Engine Configuration 

BC engine *- One of the first topics of discussion will 
be the iaplications that the chosen coapression ratios have 
on the BC engine geoaetry, particularly on the paraaeters 
B/e and leaning angle* Looking back to figure 6, it will be 
seen that with an ideal 2:3 epitrochoidal configuration 
(i.e*, no depressions in the rotor flanks or bore), the 
lowest coapression ratio that can be had is about 7. This, 
however, is at the ainiaua B/e of 3 and iaplies a leaning 
angle of T/2 rad (90®), which is an iapossibility. It sight 
appear at first, that there would be difficulty in getting 
the desired coapression ratios with the type of rotary 
configuration selected. However, real engines do require 
rotor flank and other depressions, so that in practice, 
coapression ratio varies with B/e according to the lower 
curves of figure 6, Specifically, to get a coapression of 5 
requires a total depression voluae that would be at least 
1/2 the top dead center voluae (this is the curve labeled 
"Diesel application”) * To also get a reasonable leaning 
angle, it would be necessary to increase the depression 
voluaa further, to the ”otto application” curve where it is 
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just equal to the tdc chaaber voluae. For this condition, 
the leaning angle foe a coapeession of 5 becoaes 0.96 rad 
(55**), still high coapared to the design practice of keeping 
this number below 0. 524 rad (30*). The coapression ratio 7 
and 10 cases result in leaning angles of 0.646 rad (37*) and 
0*419 rad (24 *) , respectively. These are the values used in 
the study, realizing that the coapression ratio 5 case sight 
require a lower leaning angle. 

Bypass rati o and c ore size ,- One result of the higher 
fuel/alr ratio in a positive displacement engine coapared to 
a turboaachine is that the specific output is auch higher. 
So while turboaachines generate about 330 kW/kg of air/sec 
(200 flP/lb/sec) , the core of the coapound engine yields 
about three tines that. If the extra output is to be 
absorbed by a fan of equal pressure ratio, the bypass ratio 
aust increase. Figures 9 and 10 show what happens to bypass 
ratio over the range of variables exaained. Bypass ratios of 
20 and 30 aay not be entirely feasible, at least not in the 
exact configuration envisioned here. Core flows are such 
that centrifugal coapeessors aight replace axial ones. The 
fan nay be replaced by a prop-fan or propeller. These 
considerations though should not greatly affect the results 
of the pecforaance coaparison. 

Turbine cooling .- To get good turbine efficiencies 
between 0.88 and 0.89, the number of turbine stages shown in 
figure 11 were required for each cycle. The trends are 
straightforward. Increasing the Otto-cycle backpressure 
increases the total conditions into the turbine and, 
therefore, its work potential, so the nuaber of stages 
increases. Increased boost also has the sane effect as nore 
work is required to drive the compressor. 

The estiaated turbine rotor inlet teaperatures are 
shown in figure 12 for the two levels of Otto-cycle cooling 
loss. The lower this cooling loss, the higher the 
teaperature into the turbine. The higher the boost PB and 
backpressure, the higher the teaperature also. It is 
interesting that the turbine inlet teaperature drops with 
Increasing coapression ratio, though. The higher 
coapression ratios achieve higher peak chaaber teaperature, 
but the greater expansion ratio aore than aakes up for this 
to finally give a lower teaperature after expansion. 

The aaount of cooling bleed required for the turbine is 
dependent upon the turbine inlet teaperature, the coolant 
temperature, and the nuaber of stages that need cooling. The 
cooling bleed air requireaents are shown in figure 13 for a 
cooling scheae with blade aetal temperatures comparable to 
that of the advanced 1990 turbofan. Plotted is ^ , the ratio 
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of total cooling bleed air to turbine stator inlet mass 
flow. The increasing cooling bleed cegairements with 
increasing number of stages* higher turbine inlet and 
coolant temperatures (with higher boost PR)* can be readily 
seen. 


Performance 

B reakdown of inp ut energy .* As mentioned previously* 
the effective backpressure on the Otto-cycle was allowed to 
vary over the range 


As backpressure varies* one would expect the relative 
Otto-cycle and turbine outputs to vary also. This effect is 
illustrated in figures 14 and 15* which show a breakdown of 
the input energy to the core of one compound cycle by 
percent. The compression ratio is 7 and the boost PR is 10. 
Figure 14 is for an Otto-cycle cooling loss of 25% and 
figure 15 is for 10% cooling loss. The total input energy 
into the core is known from the fuel/air ratio and the 
heating value of the fuel. Where this energy goes can be 
divided into the six bands shown in the figures. First* of 
course* are the net shaft outputs of the RC engine and the 
turbine. Increasing backpressure clearly causes the 
Otto-cycle output to fall and the turbine output to rise* 
Note that there is an optimum backpressure where the sum of 
the two is a maximum. The reason for this will be discussed 
later. Besides the Otto and turbine shaft outputs* some 
useful work also comes from the core thrust. The band 
labeled "gross thrust power" represents the core's total 
gross thrust expressed in terms of power units. The dashed 
line separates out the ram drag power* The remainder is of 
course* the net thrust power. This* plus the Otto and 
turbine net shaft outputs* is the net useful work produced 
by the core of the compound engine. The supercharging work* 
based on the boost PR* is very nearly a constant in the two 
figures. The only thing that causes it to vary is the small 
amount of work required to boost the cooling bleed. The 
cooling loss is simply the constant percentage input energy 
loss assumed for the Otto-cycle (25% in one case and 10% in 
the other). Note that while lowering this loss from 25% to 
10% increases the total useful work of the core* it also 
increases the amount of energy finally rejected as waste 
heat through the exhaust - core thrust notwithstanding. This 
is due to higher gas temperatures downstream of the RC 
engine when the Otto-cycle cooling loss is reduced. It 
should be recalled that here* the cooling loss energy is 
transferred to the duct stream where it is partially 


r«covet(id la the overall cycle by increasing duct thrust. 

Pud consuBPtion *- The estinated cruise perforsance of 
the coapouad engine is shown in figures 16 and 17, for two 
levels of' Otto-cycle cooling loss - 25% and 10%, 
respectively. The TSFC generally inproves with increasing 
conpression ratio over the range of variables ezanined. It 
reaches a aininua with increasing bachpressure, and the 
ainiauB occurs at a lower backpressure with the higher boost 
PP*s. This is caused by the cooling bleed reguireaents. As 
the backpressure increases, the nuaber of turbine stages 
increases. Increasing with backpressure also is the turbine 
inlet teaperature. Consequently, aore turbine cooling air is 
required which eventually begins to hurt the cycle. Also, as 
the cooling air teaperature depends on the boost PE, the 
higher the boost, the larger the coolant fraction required. 
AS a result, at the boost PR of 20, the perforaance drops 
off rapidly with increasing backpressure, while at the lover 
boost PRs, it iaproves up to Pb»/P^ about 0.6 to 0.8. The 
level of the reference turbofan's cruise TSFC is drawn 
across all the plots for coaparison. For an Otto-cycle 
cooling loss of 25%, typical of experience to date with 
engines of this sort, the coapound engine's best TSFC 
iaproveaent over the reference turbofan was 5.1* at a boost 
of 10 and a conpression ratio of 10. The heating value of 
octane is 4% higher, though, than the JP used by the 
reference turbofan. When this is taken into account, this 
study's best coapound engine can attribute only a 1.2% 
iaproveaent in TSFC to its higher pressure ratio cycle. For 
a 10% cooling loss, the iaproveaent over the turbofan is 
11*8%. Taking again the difference in fuel heating value 
into account, reduces this iaproveaent to 8.1%. 

To coapare on the basis of shaft perforaance alone, 
with no fan or thrust paraaeters involved, figures 18 and 19 
are presented. The trends with coapression ratio, boost PH, 
and backpressure are essentially the sane as before. The 
shaft perforaance of the reference engine's core is drawn on 
the plots for coaparison. When conpared on a BSFC basis, the 
results ate a little different than in the TSFC case. At 
25% Otto-cycle cooling loss, none of the coapound cycles 
showed better BSFC than the turbofan core. This is because 
for shaft perforaance calculations, the Otto-cycle cooling 
loss leaves the cycle coapletely , with no recovery of this 
energy by heat exchanging to a duct* There is no comparable 
loss of energy in the core of the turbofan. At 10% 
otto-cycle cooling loss, where the cooling loss is less of a 
factor in the overall cycle, the coapound engine shows an 
iaproveaent in BSFC over the turbofan core very siailar to 
that in the TSFC coaparison. 
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The estiaated cruise thrust perforaance of the coapouud 
engine is finally suaaarized against ovcerall cycle PR in 
figures 20 and 21 for the tvo values of ottO'cycle heat 
loss. The plots are for a fixed bacKpressuro ratio Pw/Pj|^ of 
0.6 9 very nearly the optiaua for all cycles. The solxd and 
dashed lines represent peak cycle pressure ratios before and 
after conbustionf respectively. It vill be seen that aany of 
the coabined boost and coapression ratios exanined in the 
study resulted in overall cycle pressure ratios far above 
that of the reference turbofan. 

It should be reaenbered that the above perforsance 
figures were all for the Nach 0.8# 10668 a (35000 ft) cruise 
condition. 


Diaensions and Height 

BC engine size .~ Neglecting the cooling fins which 
protrude into the fan duct, and neglecting the case wall 
thickness because it's saall coapared to the overall 
diaensions, the aaxiaua BC engine width is just equal to 
2(R4e). This diaension is plotted in figure 22 for 1# 3, 
and 5 rotors, over the range of boost PB and backpressure. 
The coapression ratio is 7. The engines are all sized for 
the constant cruise thrust condition at Hach 0.8, 10668 a 
(35000 ft) . The aaxiaua width can be seen to vary aainly 
with the nuaber of rotors and boost PB. Increasing boost PB 
increases the inccaing aass flow density and therefore 
decreases the required voluaetric displaceaent. Increasing 
the nuaber of rotors decreases the voluaetric displaceaent 
per rotor and hence the diaaeter of each one. Varying the 
backpressure has ainiaal effect on BC engine size. Increased 
backpressure increases the clearance fraction of hot gases 
which aix with the cool fresh charge. As a result, the final 
aixture at start of coapression is hotter^ less dense, and 
requires aore chaaber voluae. 

The BC engine length is directly related to B since we 
have already a ssuaed a fixed ratio for the rotor's diaaeter 
to its depth or thickness, B. Assuaing as before, the ratio 
of B/B to be 2/3, the approxiaate length is siaply 

■•ec 

This neglects wall thicknesses, rooa for bearings, etc. The 
results of estiaating the length of the BC engine by this 
equation are plotted in figure 23 for the saae cycle 
paraaeters as figure 22. 

Choosing the nuaber of rotors to actually use involves 
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several factors. To obtain a note uni£orn<r steady flow into 
the turbine^ nore rotors are desireable. .nut the nusber 
cannot be too high because of (iractical liaits ua length and 
the necessity to pass a shaft through the rotor centers as 
the individual rotors shrink in size. Sone Unit exists 
where e will be less than the shaft dianeter will allow, as 
indicated by the broken and shaded area in the lower portion 
of figure 22. Slnilarly, the RC engine should not have so 
few rotors that the engine's aaxinun width is luch greater 
than the booster tip dianeter at the fan face. This is to 
insure a neat packaging rt the RC engine into the overall 
engine. The upper shaded area of figure 22 shows this upper 
linit for these engines based on the reference turbo fan's 
fan face Hach nuaber and hub/tip ratio. 


RC engine weigh t,- Three rotors seeaed to strike a 
reasonable conptoaise based on the above factors. Figure 24 
shows the BC engine weight assuaing 3 rotors, for the range 
of boost PR, coapression ratio, and backpressure. The trends 
with boost PR and backpressure are the sane as for engine 
'<»idth. Increasing coapression ratio, however, is a weight 
penalty for the RC engine as wall thicknesses increase with 
increasing peak chaaber pressures. 


. > 


Cpapound engine ,- Finally, the plots in figure 25 show 
the variation of the uninstalled coapound engine weight over 
the range of cycle paraaeters. These all assuae 3 rotors ip 
the RCyangine. The reference turbofan's weight is indicated 
across all the plots for coaparison. Soae of the lower 
pi^tssure ratio cycles are actually lighter than the 
t^bofan, but their SFC perfornance was poor. The coapound 
.^''^ngine weight generally decreases with increasing boost, 
X although it has a diainishing return as exhibited by the 
boost PR 20 case which actually caae out heavier than the 
boost PR 10 case. The additional booster stages, plus the 
poorer thrust perfornance due to large bleed aaking the 
engine larger than otherwise, offset the effect of higher 
density on core size. The cycle with the best 7SFC (boost 
of 10 and coapression of 10 at a P 
heavier than the turbofan. 




»0.6) , is about 23% 


Figure 26 is a plot of the sane engine weight 
inforaation but at constant ratio of 0,6 and versus 

overall cycle pressure ratio. "This plot is a coapanion to 
the perfornance plot of figure 20. 


Table I suaaarizes and coapares the weight breakdown 
for one of the coapound engines with the reference turbofan. 
The particular cycle is a boost PR of 10 and a 3-rotor, RC 
engine with coapression ratio of 7. Figure 27 is an attenpt 
to coBpare the layout of this coapound engine with that of 
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ilie reference turbofan. As can be seen* the elinination in 
this case of all the booster stages, sone of the coapressor 
stages, and coa bination of the turbines into one high-speed 
unit aoald not quite sake up for the added length of the BC 
engine plus aanifolding. The addition of a gearbox doesn't 
sees to necessarily require an increase in length. 


Engine plus fuel weight .- To show the cruise range at 
which the coapound engines would break even with the 
reference turbofan in terns of engine plus fuel weight, 
figures 28 and 29 are presented. These figures were 
constructed taking into account the difference in fuel 
heating value between the two cycles. Figure 28, for 25% 
Otto-cycle cooling loss, is the sane engine weight versus 
cycle PR plot as in figure 26. Superinposed on it, though, 
ace a shaded region and soae curves of constant cruise 
range. The shaded area represents cycles that have poorer 
TSFC than the reference engine. Only the saall upper 
right-hand corner of the plot in figure 28, the highest 
cycle pressure ratios, falls outside this shaded region. In 
this area, lines of constant cruise range can be drawn to 
show the break-even range for the coapound and reference 
engines in terns of engine plus fuel weight. Along the line 
with value infinity, lie coapound cycles whose Tspcs just 
equal that of the turbofan. The boost PR of 10 and 
coapression of 10 cycle, the one showing the best TSF", can 
be seen to need quite a long cruise range before it would 
Bake up for its greater weight. Reaeaber that here, the 
coapound cycle TSFCs have been adjusted to account for the 
difference in heating value. Figure 29, for 10% Otto cooling 
loss, shows a such greater area where coapound cycles can 
coapete with the reference turbofan. The saae cycle as 
before (boost PR=10, r»10) can be seen to natch the 
reference turbofan's engine plus fuel weight at a range of 
about 2800 ka (1500 n.ai.). 

Drag consideration s.- As all of the coapound engines* 
fan diaaeters fell within about ±4% of the reference 
turbofan* s diaaeter, differences in nacelle drag were not 
considered to be a large factor in the coaparison of the 
engines. 


Perturba tions 


All the results presented thus far were based on 
certain fixed assuaptlons and losses. Soae of these were 
perturbed in order to gage their effects on perforaance. The 
results of these perturbations are suaBarized In figure 30 
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and discussed in the following paragraphs. 

E auiwalence rati o*- All results thus far were btxsed on 
an equivalence ratio of 1.0» that is, they assuae the 
stoichioaetric fuel/air ratio for octane of 0*0661. One case 
(boost PBalO and r»10) was run with an equivalence ratio of 
0.5 (fuel/air=«03305) . This resulted in a U. 3X iaproveaent 
in cruise TSFC over the original case. However, cutting the 
fuel/air ratio in half resulted in roughly twice the core 
flow and dropped the bypass froa about 28 to 14.5. With a 
doubling of core aass flow, the BC engine weight increased 
by 51f which translated to an 11X increase in the overall 
coapound engine weight when coapared to the original case. 
The iaproveaent in TSFC though, aore than aakes up for the 
increase in engine weight when the effect on break-even 
range with the turbofan is eaaained. The break-even range 
decreased froa sene 18000 kn (950C n.ni.) to 6300 km 
(3400 n.ni.) when the fuel/air ratio was cut in half. The 
iaproveaent here is somewhat exaggerated by how close the 
TSFCs for these two engines originally were after adjusted 
for the heating value difference. The break-even range even 
with this iaproveaent is still quite long for a realistic 
aission. Typical equivalence ratios for Diesels at full 
power were found to generally lie in the range 0.6 to 0.75, 
so a sonewhat less than 4.3% iaproveaent night be more 
realistically expected over the baseline TSFCs calculated 
for an equivalence ratio of 1.0. 

Ducting losses .- Originally, no pressure drops were 
specifically assigned to the intake and exhaust aanifolds to 
the BC engine. Two cases were run where a 5% pressure drop 
was included between stations 2-3 and 4-5. k 5% pressure 
drop in the intake aanifold caused a 0.54% increase in TSFC. 
An identical pressure drop in the exhaust aanifold caused a 
0.72% increase in TSFC. For a 1% increase in the fan duct 
pressure loss (i.e. ,froa 0.02 to 0.0202), a 1.1% penalty in 
TSFC was observed. 

Turbine efficiency . - One case (boost PR=10, r=7) was 
run where the turbine efficiency was penalized 5% to 
sinulate a poor, non-steady flow condition into the turbine 
froa the BC engine. The result of this perturbation was a 
2.9% increase in TSFC. The 5% penalty in efficiency was 
just a guess and should not be taken as being indicative of 
what the actual unsteady-flow penalty night be. 
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CORCLOD1K6 HEHARKS 


A stady was performed in which the fuel>conservative 
potential of a nodern coapound cycle was exanined and 
conpared to an advanced, hlgh-PR turbofan. The comparison 
was done strictly cn the basis of uninstalled engine weight 
plus fuel weight for a typical subsonic cruise mission. The 
benefit of decreasing the Otto-cycle heat loss to cooling 
was estinated by assuming advanced insulation/ 

high-temperature nateiial technology. The effects of the 
compound engine *s complexity on maintenance, reliability, or 
cost were not examined. Obviously, numerous guestions in 
these areas can be raised, but this study* s objectives were 
limited to fuel consumption and performance potential. 

The results have shown that, allowing for a 25% 
Otto-cycle cooling loss (i.e., the combined result of 
cooling requirements, radiation, friction, etc.), the best 
TSFC improvement over an advanced turbofan was about 1.2% 
when adjusted for differences in fuel heating value between 
the two engines. The uninstalled engine weight was 
estimated 23% higher than the reference turbofan. If cooling 
losses can be decreased from 25% of the Otto-cycle input 
energy down to 10% (by advanced insula tion/high-tenper at ure 
materials technology that is highly speculative at this 
tine), the TSFC improvement over a turbofan is 8.1%. 

The coapound cycle's major inefficiency when compared 
with a conventional turbofan, seems to lie in its cooling 
requirements. The hot section of the engine Is larger and 
practical cooling schemes Inherently imply transferring heat 
out of the core flow and bypassing the turbine. Even though 
this heat is recovered In the duct flow, this is not as 
efficient overall as recovery in the turbine would be. The 
coolant flows of a conventional combustor do just that. 

The success, then, of a very high PS compound cycle 
seems to lie in very advanced insulatlon/high-temperature 
materials technology of a level which is not in the 
forseeable future. while the complexity and weight of a 
modern compound engine seems to have potential for 
Improvement over the Napier Nomad level of technology, 
SFC-wise, both engines have reached that region of peak 
cycle pressure ratios where the difference in PE will not 
dictate the choice between them so much as the losses, 
efficiencies, etc* at these high pressures and temperatures. 
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